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PRIORITY INFORMATION 



This application claims priority from provisional application Ser. No. 60/217,168 
filed July 10, 2000, and is a continuation-in-part of Ser. No. 09/841,464 filed April 24, 
2001. 



1 . Field of the Invention 

The present invention is in the field of optics, specifically in optical transformers 
or transformers for bi-directionally coupling optical radiation between two waveguides. 
It is also in the field of mode transformers between two waveguides. 



A mode transformer between two different waveguides is an essential part of an 
optical system where the lightwave (mode) from one optical component is coupled into 
another component. In optical communication, a mode transformer between an optical 
fiber waveguide and a high index difference (difference in the refractive indices of core 

20 and cladding) planar waveguide is crucial for successful implementation of planar 
lightwave circuits (PLC) in fiber communication. Therefore, developing an efficient 
mode transformer between two waveguides has been a subject of intense research. 

When transforming the modes between two waveguides with different index 
(refractive index) differences and/or core indices, high coupling loss arises due to the 

25 difference in the mode size, shape, and mode velocity. For example, the index 

difference and the mode of a fiber optic waveguide are different from those of a high 
index difference planar waveguide, resulting in a high coupling loss when the fiber optic 
waveguide and the high index difference planar waveguide are coupled directly. The 
index difference of a fiber, which is -0.01, is smaller than that of high index difference 

30 waveguides, which is typically equal to or larger than 0.3 in a square channel waveguide 
configuration, making the fiber mode larger than the high index difference waveguide 
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mode. A channel waveguide is a dielectric waveguide whose core is surrounded by a 
cladding that is composed of a material or materials with refractive indices lower than 
that of the core, and wherein the peak optical intensity resides in the core. High index 
difference waveguides can be defined in other waveguide geometries including a rib 
5 waveguide. A rib waveguide is a dielectric waveguide whose core is surrounded by a 
cladding that is composed of materials of which at least one has the same refractive index 
as that of the core. In waveguide configurations that are difference from a channel 
waveguide, a high index difference waveguide is defined as one that has a mode-field 
size similar to that of a high index difference channel waveguide (within 50 % difference 

10 in cross-sectional area). In these waveguides, cladding is defined as a region where the 
evanescent field of optical modes exists. 

In addition, the core index of the fiber optic waveguide is lower than that of the 
high index difference planar waveguide causing a mode velocity difference between two 
waveguides. When such a change in mode properties takes place too quickly, high 

15 power loss arises. 

There have been several approaches to achieve efficient mode coupling between 
two waveguides with different index difference, including mode transformation by 
tapering the dimension of high index difference waveguide. Mode transformation by a 
taper has been shown in various publications. Over the tapering region of the high index 

20 difference waveguide, the thickness or the width of the waveguide core is gradually 
tapered down from that of the normal guiding region to a lower thickness or width. As 
the mode travels from the normal guiding region of the high index difference waveguide 
into the tapering region, the mode experiences decreasing amount of the core material. 
The fraction of the mode field distribution that exists outside the core material increases, 

2 5 changing the mode size. The index of the waveguide that the mode experiences is 

effectively changed by the presence of the taper. In other words, the "effective index" is 
gradually changed by the taper. By gradually changing the effective index from that of 
the low index difference waveguide to that of the high index difference waveguide, the 
mode coupling can be achieved between two waveguides without high loss. The method 

3 0 to determine the effective index is described in "The Handbook of Photonics Boca 

Raton, Fla. CRC Press, 532-535 (1996) by M. Gupta. 

Mode transformation based on tapering is shown in the prior art including IEEE 
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Photonics Technology Letters, Vol. 5, No.9, September 1993 by Brenner et al. In 
this publication, the core of the planar waveguide is vertically tapered down from that of 
the regular waveguide. The mode size propagating in the tapered region increases due to 
the reduction of the effective index, and thus the reduction of the effective index 
5 difference. This publication shows the gradual mode transformation occurring in one 
waveguide due to the presence of a taper. 

U.S. Pat. No. 5,199,092, issued to Stegmueller et al. shows the coupling of 
modes between two different waveguides: one broad and one narrow. The two 
waveguides run parallel to one another and are superimposed with each other to provide 

10 a superimposing waveguide guidance. During the superimposed waveguide guidance, 
one of the two waveguides is tapered down in vertical dimension, while the other 
waveguide dimension is kept constant. The role of the tapered waveguide is to provide a 
gradual effective index change, and thus mode transformation, same as the cases in 
journal publications including that by Brenner et al. The difference is the 

15 superimposition of the narrow waveguide in the broad waveguide, providing 
waveguiding in the broad waveguide once the narrow waveguide is completely 
terminated by the vertical taper. The broad waveguide is surrounding the narrow 
waveguide over the whole waveguiding distance. The presence of the broad waveguide 
helps guiding the mode once the mode transformation is complete. 

20 In addition to single taper devices described above, dual tapers are used in mode 

transformation between two different waveguides. IEEE Photonics Technology Letters, 
Vol. 7, No. 5, May 1995 by Zengerle et al., reports a mode transformer having two 
channel waveguides, each with a taper, one sitting on top of the other. Electronics 
Letters, Vol 29, No. 4, February 1993 by Schwander et al., reports a mode transformer 

25 having two rib waveguides, each with a taper, a portion of one embedded within the 
other. Both of the rib waveguides used in this art are weakly guiding and thus it is not a 
suitable method for mode transformation to or from a high index difference waveguide. 
IEEE Journal of Selected Topics in Quantum Electronics, Vol 3, No 6, December 1997 
by Moerman et al. summarizes these dual taper methods for mode transformation. 

3 0 None of the prior art reports an efficient mode transformer between a low index 

difference and a high index difference waveguide. This invention discloses, for the first 
time, an efficient mode transformer based on an embedded dual-taper, useful for 
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transforming the mode to and from a high index difference waveguide. 

SUMMARY OF THE INVENTION 

In accordance with the invention, there is provided an optical mode transformer 
using an embedded dual-taper, to achieve low-loss mode coupling between two 
5 waveguides, one of them having much higher index difference than the other. The 
transformer can be used to couple an optical mode from an optical fiber, whose typical 
single-mode dimension of the core is approximately 10 |xm in diameter, to the mode in a 
high index difference planar waveguide, whose single-mode dimension of the core is 
typically equal to or less than 1 pin in a channel waveguide. The index difference of a 

10 square channel waveguide corresponding to a 1 \xm single-mode dimension is -0.3. 

It is an objective of the invention to provide a device for transforming the mode 
between two waveguides with different mode sizes and indices. It is another objective of 
the invention to provide a device to enable low-loss coupling between the optical fiber 
waveguide mode and the high index difference planar waveguide mode. 

15 In the invention, the mode undergoes a low-loss transformation between a low 

index difference waveguide and a high index difference waveguide by traveling through 
the coupling region containing a dual-taper. The dual-taper provides a gradual change in 
the mode properties necessary for low-loss, bi-directional mode transformation. Both the 
low index difference and high index difference waveguides are tapered, in opposite 

2 0 directions. These two oppositely running tapers are placed so that there is an overlap of 
two waveguides, with the smaller waveguide embedded in the larger waveguide. 

It is an objective of the invention to show that the dual-taper structure enhances 
mode transformation efficiency between two waveguides. It is another objective of the 
invention to demonstrate the two tapered waveguides should be overlapped, with the 

25 overlapping length ranging up from 0, for low-loss mode transformation. 

The embedded dual-taper technology disclosed in this invention is suitable for an 
efficient mode transformation to and from a high index difference waveguide. This has 
not been possible by the technology shown in prior art, which was limited to a low index 
difference rib waveguide configuration. 

30 To apply the invention for coupling the modes between an optical fiber and a high 

index difference waveguide, the low index difference waveguide can be chosen to have 
similar index difference, core index, and mode size as an optical fiber. The mode from 
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the fiber is initially coupled to the low index difference waveguide having similar 
properties. Therefore the coupling is achieved with low loss due to the similarity of the 
modes. Once coupled, light is guided in the low index difference waveguide. Then the 
mode and the effective index of the low index difference waveguide are gradually 
5 changed to those of the final waveguide by the dual-taper. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 is a top view of simplified schematic diagram of an exemplary 
embodiment of a mode transformer in accordance with the invention; 
10 Figure 2 is a side view of the mode transformer shown in Figure 1; 

Figure 3 is frontal view from the left side of the mode transformer shown in 
Figure 1 ; 

Figure 4 is a frontal view from the right side of the mode transformer shown in 
Figure 1; 

15 Figure 5 A is a cross-section view of the waveguide of Figures 3 and 4; 

Figures 5B-5F are some possible index profiles along the arrowed line 5 in Figure 
5A; and 

Figure 6 is a top view of a mode transformer with two tapers whose tips are 
considered to be in contact, when D is short enough to allow for 0. 1 % or higher optical 
20 transmission. 

DETAILED DESCRIPTION OF THE INVENTION 

Figures 1-4 are simplified schematic diagrams of an exemplary embodiment of a 
mode transformer 100 in accordance with the invention. Figure 1 shows a top view of 
the mode transformer 100, while Figure 2 shows a side view of the same transformer. 

25 Figures 3 and 4 show frontal views from the left and right side, respectively, of the 
transformer shown in Figure 1. 

The mode transformer includes a core 102 of a low index difference waveguide, a 
core 104 of a high index difference waveguide, and cladding 106 surrounding both cores 
to define the low index difference waveguide, which forms a large mode, and high index 

30 difference waveguide, which forms a small mode. Both high and low index difference 
waveguides are channel waveguides in this embodiment. 
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A tapered region 108 of length Li is provided in the low index difference 
waveguide. A tapered region 110 of length La is provided in the high index difference 
waveguide. Each of the tapered regions 108, 110 are configured to overlap so that a 
portion 112, of length L3, of the tapered region 110 is embedded within the tapered 
5 region 108. 

The index of the core 104, m is larger than m and m, the indices of the core 102 
and the cladding 106. In the illustrated exemplary embodiment, ni is slightly larger than 
m. The low index difference waveguide is defined by the core 102 and cladding 106 as 

seen in Figure 3, since m is only slightly larger than m: 0< * ! < 0.1 . On the other 

10 hand, the high index difference waveguide is defined by the core 104 and cladding 106 as 

seen in Figure 4, since m is much larger than m: 0.3 < " 2 ~* 3 . 

n 3 

The fiber mode, whose cross-sectional dimension is similar to that shown in 
Figure 3, is coupled to the left side of the mode transformer 100 as shown in Figures 1 
and 2 when the mode transformer is used to couple fiber to a high index difference 
15 waveguide. 

In operation, the mode traveling from left to right in the mode transformer 100 as 
shown in Figure 1 will be transformed from that of the low index difference waveguide, 
whose core/cladding indices are m/na, to that of the high index difference waveguide, 
whose core/cladding indices are 112/113. 

20 The mode entering the mode transformer on the left side of Figure 1 is 

determined by the waveguide cross-section shown in Figure 3. The optical mode is 
guided by the low index difference waveguide, preserving the mode characteristics until 
the taper 108 in the high index core 104 is introduced, as shown in Figure 1. In taper 
108, the core 104 is horizontally tapered to gradually change the effective index from 

25 that of the waveguide mode in the low index waveguide. When the core 104 is narrow in 
taper 108, the effective index is close to that of the core 102 (and the cladding 106), thus 
the mode properties are similar. As the core 104 is gradually widened, the effective 
index increases accordingly, approaching that of the high index difference waveguide. 
The mode gradually transforms into a mode in the waveguide cross-section shown in 

3 0 Figure 4 by the change of the effective index. 



t 

WO 02/05000 



PCT/US01/41142 



7 

The core 102 is tapered in the opposite direction from the core 104, as 
seen in Figure 1. This taper terminates the low index difference waveguide once the 
mode is coupled into high index difference waveguide. The taper also enhances the 
efficiency of mode transformation by optimizing the focusing and reflection of the mode. 
5 The tapered regions 108 and 110 on high index difference and low index 

difference waveguides provide an efficient, bi-directional mode transformer, since the 
tapers on the high index difference waveguide terminates the high index difference 
waveguide once the mode is coupled into low index difference waveguide, and vice 
versa. The mode transformer 100 works for modes traveling from right to left as well as 
1 0 from left to right as shown in Figures 1 and 2, making it a bi-directional mode 
transformer. 

The taper length of the high index core should be designed to minimize mode 
transformation loss. The design of the taper in the low index core should be designed to 
minimize reflection, maximize focusing, and maximize efficiency. The overlap portion 
15 112 of the tapered regions 108, 110, should also be chosen to maximize coupling 
efficiency. 

The mode transformer of the invention is useful for coupling mode from an 
optical fiber to a high index difference waveguide. The fiber mode can be coupled on 
left side of the transformer as shown in Figure 1 , whose cross-sectional view is shown in 

2 0 Figure 3. The index difference between the core 102 arid cladding 106 can be chosen to 

be similar to that of fiber ( — 0.01). The core/cladding indices and thus the mode are 
similar to that of fiber, resulting in a highly efficient coupling. Once coupled, the mode 
will be transformed into that of a high index difference waveguide as described above. 

This coupling technology can be applied to any high index difference waveguide 
25 systems. For example, one can use SiCh as the cladding, SiON as the low index 
difference waveguide core, and SbN4 as the high index difference waveguide core. For 
the illustrated exemplary embodiment, the design parameters of Li=L2=50jxm and 
L3=40mn gave a simulated values of 75 % efficiency at the wavelength of 1.55 jam. 
This is an improvement over 30% efficiency for the case of butt-coupling without a dual- 

3 0 taper. The invention is a bi-directional transformer, which shows similar efficiencies for 

mode transformation in both directions. 

While exemplary embodiments of the invention have been illustrated with 
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continuous or linear (flat edged) tapers, it will be appreciated that segmented or non- 
linear tapers can also be utilized in accordance with the invention. For example, the 
taper can have a stepped taper edge, or a concave or convex shaped taper edge. 

Figure 5 A is a cross-section view of the waveguide of Figures 3 and 4. Figures 
5 5B-5F are some possible index profiles along the arrowed line 5-5 in Figure 5A. While 
exemplary embodiments of the invention have been illustrated with step index profiles 
between the core and the cladding for both low and high index difference waveguides as 
shown in Figures 5 A and 5B, it will be appreciated that other index profiles between the 
core and the cladding can also be utilized in accordance with the invention. 

10 For example, various other index profiles such as graded index and step graded 

index profiles can be used as long as the refractive index of the core is higher than the 
refractive index of the cladding on the average. Such profiles are shown in Figures 5C- 
5F. The various index profiles in Figures 5B-5F are illustrated along the horizontal 
direction for purposes of illustration, but can also be applied in other directions. 

15 While exemplary embodiments of the invention have been illustrated with the 

second taper embedded in the first taper, it will be appreciated that two tapers whose tips 
are in contact can also be utilized in accordance with the invention, with 0 overlapping 
taper sections. An example of two tapers whose tips are considered to be in contact is 
shown in Figure 6. When the distance between the ends of the two tapers 108, 1 10, 

2 0 shown as D in Figure 6, is short enough to allow for appreciable transmission efficiency, 

they should be considered to be in contact and have 0 overlapping sections, even though 
they are physically separated. Appreciable transmission efficiency is defined as the 
efficiency higher than or equal to 0. 1 % . 

While exemplary embodiments of the invention have been illustrated with two 
25 channel waveguides, it will be appreciated that other waveguide configurations can be 
used as long as the mode-field sizes in cross-sectional area are similar to those in the 
channel waveguides used in this embodiment. 

Although the present invention has been shown and described with respect to 
several preferred embodiments thereof, various changes, omissions and additions to the 

3 0 form and detail thereof, may be made therein, without departing from the spirit and 

scope of the invention. 

What is claimed is: 
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CLAIMS 

1 1 . A dielectric waveguide optical mode transformer comprising: 

2 a first dielectric channel waveguide including a first core having a first tapered 

3 region and surrounded by a cladding; and 

4 a second dielectric channel waveguide including a second core having a second 

5 tapered region and surrounded by said cladding, a portion of said second tapered region 

6 being embedded within said first tapered region with an embedded length ranging 

7 upwards from 0, wherein the embedded portion of said second tapered region is 

8 completely surrounded by said first tapered region in the cross-section transverse to the 

9 mode transformation direction, and wherein the embedded length of said second tapered 

10 region within said first tapered region is 0 when the tips of said first and second tapered 

11 regions are in contact. 

1 2. The transformer of claim 1, wherein said cladding comprises one or more 

2 materials with different refractive indices than those of said first and second cores. 

1 3. The transformer of claim 1, wherein the index of refraction of said first core 

2 is graded in the transverse direction. 

1 4. The transformer of claim 1 , wherein the index of refraction of said second 

2 core is graded in the transverse direction. 

1 5. The transformer of claim 1, wherein the index of refraction of said cladding is 

2 graded in the transverse direction. 

1 6. The transformer of claim 1, wherein the index of refraction changes gradually 

2 from said first core to said cladding in the transverse direction. 

1 7. The transformer of claim 1, wherein the index of refraction changes gradually 

2 from said second core to said cladding in the transverse direction. 



1 

2 



8. The transformer of claim 1, wherein the index of refraction changes abruptly 
from said first core to said cladding in the transverse direction. 
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1 9. The transformer of claim 1, wherein the index of refraction changes 

2 abruptly from said second core to said cladding in the transverse direction. 

1 10. The transformer of claim 1, wherein the tips of said first and second tapered 

2 region are in contact if the optical transmission efficiency between said first and said 

3 second tapered regions is equal to or above 0.1%. 

1 11. The transformer of claim 1, wherein said first and second cores, and said 

2 cladding are integrated on a planar lightwave circuit (PLC). 

1 12. The transformer of claim 1, wherein the index of refraction of said first core 

2 is relatively lower than the index of refraction of said second core. 

1 13. The transformer of claim 1, wherein the index of refraction of said first core 

2 is slightly higher than the index of refraction of said cladding. 

1 14. The transformer of claim 13, wherein 0< (ni-nO/113 <0.1, where m is the 

2 refractive index of said first core and m is the refractive index of said cladding. 

1 15. The transformer of claim 1, wherein the index of refraction of said second 

2 core is substantially higher than the index of refraction of said first core and said 

3 cladding. 

1 16. The transformer of claim 15, wherein 0.3 (112-113) /113, where m is the 

2 refractive index of said first core, m is the refractive index of said second core, and 113 is 

3 the refractive index of said cladding. 

1 17. The transformer of claim 1, wherein a propagating optical mode is 

2 transformed in size, shape and speed as it propagates between said first core and said 

3 second core. 

1 18. The transformer of claim 1, wherein a propagating optical mode can 

2 propagate bi-directionally between said first and second waveguides. 
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1 19. The transformer of claim 1, wherein said second tapered region 

2 provides an effective index change to a propagating optical mode. 

1 20. The transformer of claim 1, wherein said first tapered region minimizes 

2 reflection of a propagating mode and focuses said propagating mode into said second 

3 core. 



1 21 . The transformer of claim 1 , wherein said first tapered region enhances the 

2 efficiency of mode transformation of a propagating mode. 

1 22. The transformer of claim 1 , wherein said first and second tapered regions are 

2 continuous or segmented. 

1 23. The transformer of claim 1, wherein said first and second tapered regions are 

2 linear or non-linear. 

1 24. A dielectric waveguide optical mode transformer comprising: 

2 a first dielectric waveguide including a first core having a first tapered region and 

3 surrounded by a cladding; and 

4 a second dielectric waveguide including a second core having a second tapered 

5 region and surrounded by said cladding, a portion of said second tapered region being 

6 embedded within said first tapered region with an embedded length ranging upwards 

7 from 0, wherein said second core and said cladding define a high index difference 

8 waveguide, and wherein the embedded portion of said second tapered region is 

9 completely surrounded by said first tapered region in the cross-section transverse to the 

10 mode transformation direction, and wherein the embedded length of said second tapered 

11 region within said first tapered region is 0 when the tips of said first and second tapered 

12 regions are in contact. 

1 25. The transformer of claim 24, wherein the index of refraction of said first 

2 core is relatively lower than the index of refraction of said second core. 

1 26. The transformer of claim 24, wherein a high index difference waveguide is 

2 defined as a waveguide whose mode-field size is within 50 % difference in cross- 
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3 sectional area from that of a channel waveguide whose index difference is equal 

4 to or larger than 0.3. 

1 27. The transformer of claim 24, wherein a propagating optical mode is 

2 transformed in size, shape and speed as it propagates between said first core and said 

3 second core. 

1 28. The transformer of claim 24, wherein a propagating optical mode can 

2 propagate bi-directionally between said first and second waveguides. 

1 29. The transformer of claim 24, wherein said second tapered region provides an 

2 effective index change to a propagating optical mode. 

1 30. The transformer of claim 24, wherein said first tapered region minimizes 

2 reflection of a propagating mode and focuses said propagating mode into said second 

3 core. 

1 31. The transformer of claim 24, wherein said first tapered region enhances the 

2 efficiency of mode transformation of a propagating mode. 

1 32. The transformer of claim 24, wherein said first and second tapered regions 

2 are continuous or segmented. 

1 33. The transformer of claim 24, wherein said first and second tapered regions 

2 are linear or non-linear. 

1 34. The transformer of claim 24, wherein the index of refraction of said first 

2 core is graded in the transverse direction. 

1 35. The transformer of claim 24, wherein the index of refraction of said second 

2 core is graded in the transverse direction. 



1 36. The transformer of claim 24, wherein the index of refraction of said cladding 

2 is graded in the transverse direction. 
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1 37. The transformer of claim 24, wherein the index of refraction changes 

2 gradually from said first core to said cladding in the transverse direction. 

1 38. The transformer of claim 24, wherein the index of refraction changes 

2 gradually from said second core to said cladding in the transverse direction. 

1 39. The transformer of claim 24, wherein the index of refraction changes 

2 abruptly from said first core to said cladding in the transverse direction. 

1 40. The transformer of claim 24, wherein the index of refraction changes 

2 abruptly from said second core to said cladding in the transverse direction. 

1 41. The transformer of claim 24, wherein the tips of said first and second tapered 

2 region are in contact if the optical transmission efficiency between said first and said 

3 second tapered regions is equal to or above 0.1%. 

1 42. The transformer of claim 24, wherein said first core, said second core, and 

2 said cladding are integrated on planar lightwave circuit (PLC). 

1 43. The transformer of claim 24, wherein said cladding is defined as a region or 

2 regions surrounding said first and second cores with lower effective index than those of 

3 said first and second cores. 

1 44. The transformer of claim 24, wherein said cladding is defined as a region or 

2 regions surrounding said first and second cores where the evanescent field of optical 

3 modes exists. 

1 45. An optical mode coupler comprising: 

2 a first core having a first tapered region; 

3 a second core having a second tapered region, a portion of said second tapered 

4 region being in embedded within said first tapered region; and a cladding surrounding 

5 said first and second cores, said cladding comprising one or more materials with 
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6 different refractive indices than those of said first and second cores. . 

1 46. A dielectric waveguide optical mode transformer comprising: 

2 a first dielectric waveguide including a first core having a first tapered region and 

3 surrounded by a cladding; and 

4 a second dielectric waveguide including a second core having a second tapered 

5 region and surrounded by said cladding, a portion of said second tapered region being 

6 embedded within said first tapered region, wherein said cladding comprising one or more 

7 materials with different refractive indices than those of said first and second cores. 

1 47. A method of bi-directionally coupling a propagating optical mode between 

2 optical regions comprising: 

3 providing a first core having a first tapered region; 

4 providing a second core having a second tapered region, a portion of said second 

5 tapered region being embedded within said first tapered region; 

6 providing a cladding that surrounds said first and second cores, said cladding 

7 comprising one or more materials with different refractive indices than those of said first 

8 and second cores; and 

9 introducing a propagating optical mode into either said first or second cores. 

1 48. A method of bi-directionally coupling a propagating optical mode between 

2 optical regions comprising: 

3 providing a first core having a first tapered region; 

4 providing a second core having a second tapered region, a portion of said second 

5 tapered region being embedded within said first tapered region; 

6 providing a cladding that surrounds said first and second cores, said cladding 

7 comprising one or more materials with different refractive indices than those of said first 

8 and second cores; and 
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9 introducing a propagating optical mode into either of said optical regions. 

1 49. A method of bi-directionally coupling a propagating optical mode between a 

2 high refractive index region and a low refractive index region comprising: 

3 providing a first low index of refraction core having a first tapered region; 

4 providing a second high index of refraction core having a second tapered region, 

5 a portion of said second tapered region being embedded within said first tapered 

6 region;providing a cladding that surrounds said first and second cores, said cladding 

7 comprising one or more materials with different refractive indices than those of said first 

8 and second cores; and introducing a propagating optical mode into either said first or 

9 second cores. 

1 50. A method of bi-directionally coupling a propagating optical mode between a 

2 high refractive index region and a low refractive index region comprising: 

3 providing a first low index of refraction core having a first tapered region; 

4 providing a second high index of refraction core having a second tapered region, 

5 a portion of said second tapered region being embedded within said first tapered region; 

6 providing a cladding that surrounds said first and second cores, said cladding 

7 comprising one or more materials with different refractive indices than those of said first 

8 and second cores; and 

9 introducing a propagating optical mode into either said high refractive index 
10 region or said low refractive index region. 
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